Abstract: Chronic nitrogen (N) and (or) sulfur (S) deposition to boreal forests in the Athabasca oil sands region (AOSR) in Alberta, Canada, has been caused by oil sands mining and extraction/upgrading activities. It is important that we understand the response of microbial community function to chronic N and S deposition as microbial populations mediate soil carbon (C) and N cycles and affect ecosystem resilience. To evaluate the impact of N and (or) S deposition on soil microbial community functions, we conducted a simulated N and S deposition experiment in a boreal mixedwood forest with the following four treatments: control (CK), N addition (+N, 30 kg N·ha −1 as NH 4 NO 3 ), S addition (+S, 30 kg S·ha −1 as NaSO 4 ), and N plus S addition (+NS, 30 kg N·ha −1 + 30 kg S·ha −1 ), from 2006 to 2010. Nitrogen and (or) S deposition did not change soil organic carbon, total N, dissolved organic C and N, or soil microbial biomass C and N. Soil microbial community-level physiological profiles, however, were strongly affected by 5 years of N and (or) S addition. Soil ␤-glucosidase activity in the +NS treatment was greater than that in the +S treatment, and S addition decreased soil arylsulfatase; however, urease and dehydrogenase activities were not affected by the simulated N and (or) S deposition. Our data suggested that N and (or) S deposition strongly affected soil microbial community functions and enzymatic activities without changing soil microbial biomass in the studied boreal forest.
Introduction
Nitrogen oxides (NO x ) and sulfur dioxide (SO 2 ) emissions from fossil fuel combustion and other anthropogenic activities have caused elevated levels of N and S deposition in industrialized regions (Granberg et al. 2001) . The Athabasca oil sands region (AOSR) located in the boreal forest zone is the largest area for open-pit oil sands mining in Alberta, Canada (Humphries 2008) . As a result of increased levels of oil sands mining and upgrading activities, large amounts of air pollutants have been released and subsequently returned to surrounding boreal forest ecosystems; emissions of NO x and SO 2 are expected to increase in the future because of the expansion of oil sands mining/extraction and upgrading activities and population growth in the oil sands region (Hazewinkel et al. 2008) . The excess N and S deposition to forest ecosystems may have a wide range of effects, such as fertilization effects, which may cause nutrient imbalances and soil acidification and increase soil carbon (C) pool sizes (Aber et al. 1989; Sogn and Abrahamsen 1998; Granberg et al. 2001; Högberg 2007 ). Therefore, the impact of increased levels of N and S deposition on surrounding boreal forests in the AOSR is a concern to the industry, the government, and the general public (Jung and Chang 2012) .
The response of northern forest ecosystems to chronic N deposition can be divided into four different stages: N limitation, alleviation of N limitation, N saturation, and forest decline (Aber et al. 1989) . Before achieving N saturation, the elevated input of N more likely has fertilization rather than acidification effects on forest ecosystems, and the responses of the soil N cycle can be subtle and difficult to detect. A previous study showed that, after 4 years of chronic N deposition, a boreal forest stand in the AOSR was still at the first or second stage in the Aber et al. (1989) model because of the retention of the added N by the vegetation (Jung and Chang 2012) . Studying indicators such as soil microbial communities that are sensitive to N and (or) S deposition may provide an early indication of changes in boreal forest ecosystems exposed to elevated levels of N and (or) S deposition.
Soil microbes play key roles in nutrient cycling, which drives changes in aboveground ecological processes ). Moreover, soil microbes are sensitive to soil nutrient availability and are considered early indicators of ecosystem changes (Díaz-Raviña et al. 1993 ). The impact of N deposition on soil microbial biomass and community structure and microbial activities, such as soil respiration and extracellular enzymatic activities has been studied widely in forest, grassland, and cropland ecosystems (e.g., Allison et al. 2008; Janssens et al. 2010; Weand et al. 2010) . However, the responses of soil microbial biomass and activities to N deposition are often inconsistent between ecosystems, and may be related to N-addition rates (Zhang et al. 2008) , species composition of the plant community (Weand et al. 2010) , ecosystem type (Ramirez et al. 2010) , and soil nutrient availability .
Nitrogen deposition commonly occurs in combination with elevated input of other elements (Aber et al. 1989 ), e.g., S, which might increase or suppress the impact of N deposition (Sogn and Abrahamsen 1998) . However, only a few studies have been focused on changes in soil microbial biomass and community function after elevated levels of S deposition (Coûteaux et al. 1998; Prietzel 2001) , although the impact of S deposition on soil acidification and biogeochemical cycles have been studied extensively (e.g., Sogn and Abrahamsen 1998; Granberg et al. 2001; Oulehle et al. 2011) . Even though S emissions have been significantly reduced in the AOSR because of SO 2 curtailment policies and technological improvements (Hazewinkel et al. 2008) , the impact of S deposition can be substantial in boreal forest ecosystems having low capacities for pH buffering and SO 4 2− adsorption (Jung et al. 2011 ). To improve our understanding on the impact of chronic N and (or) S deposition on boreal forests in the AOSR, a simulated N and S deposition experiment was initiated in 2006 with deposition rates of 30 kg N·ha −1 ·year −1 and (or) 30 kg S·ha −1 ·year −1 in a boreal mixedwood forest. The previous study based on this experiment reported that, 4 years after the treatments were applied, soil microbial biomass C (MBC) and N (MBN) were not affected by N and (or) S addition (Jung and Chang 2012) . In this study, we further examined the changes in soil microbial biomass after 5 years of N and (or) S addition, with a focus on soil microbial community-level physiological profile (CLPP) and soil enzymatic activities (urease, ␤-glucosidase, arylsulfatase, and dehydrogenase) in the studied boreal mixedwood forest to gain a better understanding on soil microbial community functions. We hypothesized that (1) soil CLPP was changed after N and (or) S addition because soil microbial community function is more sensitive than soil microbial biomass to N and (or) S treatments and (2) soil urease and arylsulfatase activities would decrease owing to increases in soil N or S availabilities, but soil ␤-glucosidase activity would be stimulated as a result of alleviated soil microbial C limitation.
Materials and methods

Site description and experimental design
The experiment was conducted in a boreal mixedwood forest (56.1°N, 110.9°W) located at the southern edge of the AOSR. The experiment site is currently little affected by acid deposition from the oil sands mining and upgrading activities, as it lies outside the main acid deposition area (Bytnerowicz et al. 2010) . Background N and S deposition in the region is about 0.81 and 1.14 kg·ha −1 ·year −1 , respectively (Wieder et al. 2010) . The climate of the region belongs to continental boreal with a mean monthly temperature ranging from -18.8 (January) to 16.8°C (July), a mean relative humidity of 68%, and a mean annual precipitation of 456 mm (Environment Canada 2010) . The main canopy tree species were 60-year-old quaking aspen (Populus tremuloides Michx.), followed by white spruce (Picea glauca (Moench) Voss) aged between 25 and 55 years old. Aspen and white spruce made up 71% and 22% of canopy trees, respectively. Other canopy trees included Abies balsamea (L.) Mill., Populus balsamifera L., Picea mariana (Mill.) Britton, Sterns & Poggenb., and Betula papyrifera Marshall. The dominant understory species were Rosa acicularis Lindl. and Aralia nudicaulis L. The soil belonged to Gray Luvisols classified based on the Canadian system of soil classification (Soil Classification Working Group 1998) or Boralf in the US soil classification system (Soil Survey Staff 1994). The soil texture was sandy loam (Cheng et al. 2011) .
In 2006, a full factorial N × S addition experiment was established with four blocks (replications) and four treatments: control (CK), N addition (+N), S addition (+S), and N and S addition (+NS) in each block. The area of each plot is 20 m × 20 m. Nitrogen was added at a rate of 30 kg N·ha −1 ·year −1 as NH 4 NO 3 , and S was added at 30 kg S·ha −1 ·year −1 as Na 2 SO 4, considering the expected increases of N and S deposition with the development of the oil sands industry in the AOSR in the future. The chemicals were applied in granule form using a handheld spreader. The N and S were applied once in early summer from 2006 to 2008, and in three equal splits on 2 July, 22 July, and 11 August in 2009-2010.
Soil sampling and chemical analysis
Soil samples were collected on 21 July and 10 August 2010, before the onset of the second and third N and S additions on 22 July and 11 August 2010, respectively. Ten-replicate auger cores (2.5 cm in diameter) were sampled from the forest floor (including L, F, and H horizons) with a thickness of 5-10 cm and from the surface mineral soil (0-10 cm) layers in each plot, then were combined to form a single composite sample for each layer (i.e., forest floor and surface mineral soil) in each plot, with a total of 32 samples (i.e., 16 samples of forest floor and 16 samples of mineral soil) collected at each sampling time. Samples were sieved through a 2 mm mesh, and a subsample of each composite sample was stored at 4°C. Soil MBC and MBN, enzymatic activities, and microbial CLPP were analyzed within 1 week; the remainder of the sample was air-dried at room temperature (ϳ20°C) for measuring soil pH, total organic C (TOC), and total N (TN) for the samples collected in August. Each soil sample was ground with a ball mill for TOC and TN analysis.
Soil pH was measured using 10 g of air-dried soil in 50 mL of water for forest floor samples or 20 mL of water for surface mineral soil samples. The TOC and TN analyses were done with a Carlo Erba NA 1500 elemental analyzer (Carlo Erba Instruments, Milan, Italy). Soil MBC and MBN were determined by the chloroform fumigation-extraction method (Vance et al. 1987) . A 0.5 mol·L −1 K 2 SO 4 solution was used to extract C and N from fumigated and nonfumigated samples at 1:10 (w∕v). The C and N concentrations in the extractant were measured with a TOC-V CSN (Shimadzu, Kyoto, Japan). We calculated MBC and MBN by dividing the difference of extractable C and N between fumigated and unfumigated samples by a conversion factor of 0.45 for MBC and 0.54 for MBN (Joergensen 1996; Joergensen and Mueller 1996) . The concentrations of extractable C and N in the unfumigated samples were determined as dissolved organic C (DOC) and N (DON).
Soil enzymatic activities were determined at optimal pH for each enzyme assay and expressed on an oven-dry soil basis. For the determination of urease activity, 5 g of moist soil was incubated with a 5 mL urea solution at 37°C for 5 h. The remaining urea was determined colorimetrically at 527 nm following the method of Tabatabai (1994) . The activities of ␤-glucosidase and arylsulfatase were assayed using the colorimetric determination of p-nitrophenol released when soils were incubated with p-nitrophenyl ␤-D-glucopyranoside (PNG) in a pH 6.0 buffer and with p-nitrophenol sulfate in a pH 5.8 buffer at 37°C for 1 h, respectively (Tabatabai 1994). The activity of dehydrogenase was assayed through colorimetric determination of triphenylformazan (TPF) formed when soils were incubated with 2,3,5-triphenyltetrazolium chloride (TTC) at 37°C for 24 h (Tabatabai 1994).
Soil microbial CLPP was determined using Biolog Ecoplate (Biolog Inc., California), which contained 31 C substrates and a control (Table 1) . Five grams of each soil sample were put into a sterile flask with 45 mL of 0.87% sterilized NaCl solution. The soil suspension was shaken for 30 min and diluted 1 × 10 3 times for mineral soil and 1 × 10 4 times for forest floor samples. A 125 L aliquot from each suspension was inoculated into each well of an Ecoplate. Each Ecoplate was incubated at 25°C in the dark. Then, the optical density of each well was read at both 590 nm (color development plus turbidity) and 750 nm (turbidity only) every 24 h for a total of 168 h using an Emax microplate reader (Molecular Devices, Sunnyvale, California). The final color development in each well was calculated as optical density by subtracting the values at 750 nm from that at 590 nm. When a final color development was 0.06 (the detection limit) or lower, it was regarded as zero (Classen et al. 2003) .
For description of soil microbial CLPP, two sets of data, namely, average well color development (AWCD) and area under the curve (A), were assessed with optical density values. The AWCD data were calculated as follows (Garland and Mills 1991) :
where C is color production within each well, R is the absorbance value of the control well, and n represents the number of carbon sources used in an Ecoplate.
The area under the curve A ik for substrate i and plate k was calculated by joining the color levels at successive time points of t(1), t(2),…, t(n) by straight lines, and summing the areas corresponding to each segment between successive time points by the trapezium rule (Hackett and Griffiths 1997) 
where C ikt(j) is the color development of substrate i for plate k at time t(j).
Statistical analysis
All data were analyzed with R software (version 2.14). Means (n = 4) and standard errors (SE) were calculated. Analysis of variance (ANOVA) was used to evaluate the differences for soil moisture, TOC, TN, pH, DOC, DON, MBC, and MBN between N and S addition treatments (CK, +N, +S, and +NS), and soil layers (forest floor versus mineral soil), and sampling time (July versus August), and their interactions. When there was a significant effect of N/S addition treatment, the Tukey's HSD was used as a post hoc test. The values of soil AWCD over time were analyzed by Repeated Measures ANOVA. The A ik data were analyzed with a principal component analysis (PCA), and the effects of treatment (CK, +N, +S, and +NS), soil layer (forest floor and mineral soil layers), and sampling time (July and August) were separately tested by permutation tests with the Vegan package of the R software. The significant level was set at ␣ = 0.05 for all statistical analyses.
Results
Soil TOC, TN, pH, and soil moisture and DOC and DON concentrations
Soil TOC, TN, and pH were greater in the forest floor than in the 0-10 cm soil layer but were not affected by 5 years of N-and (or) S-addition treatments (Table 2) . Soil DOC and DON were significantly higher in the forest floor than in the 0-10 cm soil layer (p < 0.001) but was again not affected by N-and (or) S-addition treatments (Table 3) . Sampling time and soil layer interacted to affect soil DON concentrations (p < 0.05). In the forest floor, soil DON was 21% greater in August than in July (p < 0.05), but was 36% greater in August than in July in the 0-10 cm soil layer (p < 0.01). There were no significant changes in soil moisture content among the four treatments, but sampling time and soil layer strongly affected soil moisture content (all p < 0.001) ( Table 3) .
Soil microbial biomass and community-level physiological profile (CLPP)
Elevated N and (or) S input did not change soil MBC and MBN (Table 3 ). Significant interaction between sampling time and soil layer was found for soil MBC and MBN (all p < 0.001). Soil MBC and MBN were significantly higher in August than in July in the forest floor (all p < 0.001), but was either not different between the two samplings (MBC, p = 0.36) or was lower (p < 0.01) in August than in July (MBN) in the 0-10 cm soil layer.
The AWCD was affected by N and (or) S addition, soil layer, sampling time, and the fertilization × time × layer interaction. In July, the AWCDs in +N, +S, and +NS treatments were significantly lower than that in the CK (all p < 0.05), but AWCD was not different between the +N and +NS treatments in the forest floor layer (Fig. 1A) . In contrast, the AWCDs decreased in the order CK> +NS> +N> +S in the 0-10 cm mineral soil (Fig. 1B) . In August, soil AWCD was significantly higher in the +NS treatment than in the CK, +N, and +S treatments, but not different among the CK, +N, and +S treatments in the forest floor (Fig. 1C) ; AWCDs were lower in the +N, +S, and +NS treatments than in CK in the 0-10 cm soil layer (all p < 0.05) (Fig. 1D) .
The first (PC1) and second principal component (PC2) explained 41% and 7%, respectively, of the total variation in C substrate utilization profiles (Fig. 2) . Among the C substrates, glycyl-L-glutamic acid, ␣-cyclodextrin, D-xylose, and D-cellobiose had the highest contribution to the first component, whereas glycogen and ␣-ketobutyric acid had the most positive loadings and D-galacturonic acid and L-arginine had the most negative loadings for the second component. Soil microbial community functions differed significantly among the four treatments of CK, +N, +S, and +NS (p < 0.05), and were strongly affected by the sampling time (p < 0.001) and the soil layer (p < 0.001). The four treatments were mainly separated by PC2, but sampling time and soil layer were separated by PC1.
Soil enzymatic activities
Five years of N and (or) S deposition affected soil ␤-glucosidase and arylsulfatase activities (p < 0.01 and p < 0.001, respectively), but not soil urease and dehydrogenase activities (all p > 0.05) ( Table 3) . Soil ␤-glucosidase and arylsulfatase activities were affected by the interaction between N and (or) S addition and soil layer (p < 0.05 and p < 0.001, respectively). Soil ␤-glucosidase activities were significantly lower in the +S than in the +NS treatment in both the forest floor and surface mineral soil layers (all p < 0.01). Soil arylsulfatase activities in the forest floor were significantly decreased by 25% and 41% in the +S treatment as compared with the CK treatment in July and August, respectively. Soil arylsulfatase activities in the 0-10 cm soil layer in both the +S and +NS treatments were all significantly lower than those in the CK treatment. Soil dehydrogenase activities in both the forest floor and surface mineral soil layers were significantly higher in August than in July. Soil arylsulfatase activities were significantly higher in August than in July in the forest floor (p < 0.001), but not different in the 0-10 cm mineral soil. However, soil ␤-glucosidase and urease activities were not different between July and August regardless of the soil layer.
Discussion
Our results showed that soil MBC and MBN were not affected by 5 years of N and (or) S deposition, similar to the 4-year result (Jung and Chang 2012) . Allison et al. (2008) also reported that soil microbial biomass C did not change after 3 years of N fertilization in an Alaskan boreal forest. Our results suggest that soil microbial biomass was not sensitive to N and (or) S deposition, and N limitation was not widespread among soil microbes (Treseder 2008) . Although soil microbial biomass has been reported to decline by an average of 15% globally under N addition, the impact of elevated N input on soil microbial biomass is inconsistent among studies and site-specific (Treseder 2008) .
Nitrogen addition can increase aboveground litter production and improve litter quality in N-limited forests (Högberg 2007 ) and may therefore alleviate microbial N limitation and lead to an increase in soil microbial biomass (Gallardo and Schlesinger 1994) . However, when N saturation occurred in forest soils, (6) 107 (11) 2950 (165) 3089 (498) 276 (15) 343 (47) 6317 (519) 8909 (1080) 914 (32) 2426 (567) SS 9.8 (0.5) 12.3 (0.7) 53 (4) 56 (5) 6 (1) 7 (1) 146 (14) 137 (23) 21 (2) 18 (3) +N FF 69 (7) 105 (15) 3211 (196) 2768 (360) 316 (23) 343 (36) 6953 (638) 9684 (1296) 1030 (99) 2599 (568) SS 6.5 (0.4) 9.4 (0.6) 52 (7) 55 (2) 7 (1) 9 (2) 149 (9) 156 (11) 21 (2) 18 (3) +S FF 66 (4) 118 (12) 2249 (542) 2727 (508) 215 (38) 303 (51) 6198 (578) 7882 (732) 814 (44) 2254 (533) SS 7.7 (0.9) 11.0 (0.7) 62 (6) 51 (5) 3 (1) 8 (1) 112 (20) 138 (8) 23 (2) 16 (3) +NS FF 61 (3) 114 (11) 1927 (283) 2444 (366) 222 (24) 309 (30) 6547 (540) 9054 (988) 962 (40) 2457 (591) (4) 57 (6) 6 (2) 10 (2) 137 (13) 149 (8) 23 (1) elevated N input may induce a C limitation accompanying reduced litter decomposition rates (Saiya-Cork et al. 2002) and decrease C input into the soil via plant roots, because of the reduced need for nutrient uptake by roots (Janssens et al. 2010) , and enhance soil DOC and DON loss (Fang et al. 2009 ). In addition, base cation leaching caused by N and S addition may increase soil acidity, and subsequently induce aluminum (Al 3+ ) toxicity and deficiency of exchangeable base cations (Sogn and Abrahamsen 1998) , which may result in environmental stress on soil microbial populations (Pietri and Brookes 2008) . In this experiment, even though tree production and the amount of litterfall increased after N addition (Jung and Chang 2012) , soil moisture content, TOC, TN, DOC, and DON were not affected by N and (or) S addition, and soil acidification did not occur (Jung and Chang 2012) ; those would be linked to the lack of changes in soil microbial biomass among the N and (or) S treatments.
Comparing the changes in tree production with soil microbial biomass, it implied that the overstory tree species experienced nutrient limitation and responded to the increased N availability in the N-addition treatments (Jung and Chang 2012) , but soil microbial populations did not respond to the N-addition treatments. The lack of microbial response to the N-addition treatments supports the sink strength idea of Lovett and Goodale (2011) that the fate of the added N and the flow of N depends on the strength of the sinks and the factors that control them; in this case, in the N-limited boreal forest we studied, the vegetation is a stronger sink for the increased available N. The lack of microbial response to the N-addition treatment is consistent with the findings of Cheng et al. (2011) , who found that N and (or) S deposition did not significantly increase soil gross immobilization rates of the added NH 4 + and NO 3 − in the forest floor and mineral soil layers in this studied site.
Community-level physiological profiles based on carbon substrate utilization patterns is considered a rapid and reproducible technique to measure microbial functional diversity (Garland and Mills 1991; Insam 1997) , although the technique has several drawbacks such as culture-dependence and the possibility of changes in the microbial community during the incubation (Ros et al. 2008 ). The responses of soil CLPP can mirror changes in microbial biomass (Johnson et al. 1998) . In this study, we found that N and (or) S additions decreased the AWCD except for the forest floor samples in August (Fig. 1C) , indicating that the utilization of C sources in the Ecoplate by soil microbial populations were decreased by N or S deposition even though the soil microbial biomass (i.e., MBC and MBN) did not change, and that the CLPP is a more sensitive indicator of the impact of N and S deposition. The PCA analysis of the CLPP data clearly demonstrated that N and (or) S addition significantly affected soil microbial community functions. Therefore, the first hypothesis is accepted that N and (or) S addition is more likely to alter soil microbial community function rather than soil microbial population size as represented by the microbial biomass.
It would be helpful to know the detailed changes in soil microbial community structure using culture-independent (i.e., denaturing gradient gel electrophoresis (DGGE)-or phospholipid fatty acid (PLFA)-based biochemical fingerprinting) approaches. Based on PLFA results, Waldrop et al. (2004) showed that N deposition increased the relative abundance of some Gram negative bacterial and fungal populations, but decreased Gram positive and some other Gram negative and endomycorrhizal fungi populations in a temperate forest. Thus, changes of various microbial populations in different directions may explain the contradictory results of microbial biomass and AWCD.
Nitrogen and (or) S addition can alter microbial allocation to enzyme production or shift the abundance of soil microbes that produce specific enzymes (Weand et al. 2010) . For example, Allison et al. (2008) found that after N addition, microbes produced more ␤-glucosidase, which is responsible for catalyzing one of the final steps in the breakdown of cellulose, and less N-acetylglucosaminidase and glycine aminopeptidase, which are involved in N cycles, in an Alaskan boreal forest. Similarly, our study found that soil ␤-glucosidase activities were significantly higher in the +NS than in the +S treatment, indicating that N addition stimulated the production of the enzyme associated with soil organic C decomposition. However, some studies reported that soil ␤-glucosidase activities were not affected by N addition (Keeler et al. 2009; Weand et al. 2010 ). In our study, soil arylsulfatase activities were strongly suppressed by 5 years of S addition, suggesting reduced demand for S-degrading enzymes owing to increased soil S availability. Another point that readers are cautioned about is the effect of the 3897 (56) 4989 (495) 542 (12) 544 (67) 4250ab (249) 4674ab (575) 830a (41) 1295a (83) 89 (15) 102 (12) 18 (1) 17 (1) 99AB (11) 82AB (8) 90A (18) 80A (14) 5038 (340) 5242 (410) 570 (26) 537 (19) 4685ab (343) 4916ab (262) 659ab (59) 1037ab (82) 94 (5) 127 (11) 22 (1) 19 (2) 90AB (4) 90AB (4) 61AB (6) 69AB (9) 3910 (257) 5240 (462) 509 (12) 515 (21) 4256b (268) 3859b (170) 621b (59) 758b (73) 85 (20) 112 (11) 29 (3) 22 (1) 74B (4) 76B (9) 45B (9) 45B (7) 4175 (130) 5861 (539) 518 (20 582 (39) 5185a (238) 5176ab (390) 633ab (65) 902ab (131) 98 (12) 116 (14) 24 (1) 24 (3) 101A (5) 97A (4) 58B ( Codes of B1, C1, and so on, refer to the carbon substrates described in Table 1 . TreC, TreN, TreS, and TreNS refer to control, N addition, S addition, and N+S addition treatments; TimJul and TimAug mean July and August; and LayF and LayS indicates the forest floor layer and 0-10 cm soil layer, respectively. sodium applied along with the S in the +S and +NS treatments; the sodium effect cannot be separated out from the S effect in the current experimental design. However, at the current rate of application, the main treatment effect is expected to be from S as a nutrient, but the potential sodium effect should not be ignored. Similar to Saiya-Cork et al. (2002) and Hu et al. (2010) , N addition did not suppress soil urease activities (related to soil gross N mineralization) in this study, suggesting that soil N availability was not improved enough to reduce the production of N-degrading enzymes by soil microbes even after 150 kg of N addition over 5 years. In our study, activities of soil dehydrogenase, an intracellular enzyme commonly measured as a general microbial activity index (Trevors et al. 1982) , were not affected by elevated N and (or) S inputs, suggesting that the overall soil microbial activity was not remarkably changed by N and (or) S deposition. Soil enzymatic activities were strongly related to soil physical properties (e.g., soil temperature and soil moisture content) and soil nutrient availabilities (Noe et al. 2012) . In this study, the lack of N and (or) S addition effect on soil moisture content, C and N availabilities, pH, and microbial biomass was linked to the lack of changes in soil urease and dehydrogenase activities. Therefore, N and (or) S addition did not change the overall soil microbial biomass, but affected specific-enzyme activities (i.e., soil ␤-glucosidase and arylsulfatase) associated with soil C and S cycles.
It was not surprising that soil microbial biomass and soil enzymatic activities were significantly higher in the forest floor than in the surface soil layers, associated with the lower soil nutrient availabilities in the mineral soil (Andreetta et al. 2012) . In addition, we found that soil MBC and MBN and soil dehydrogenase and arylsulfatase activities in August were significantly higher than that in July, in agreement with seasonal variations reported in other publications (e.g., Andreetta et al. 2012; Jung and Chang 2012; Noe et al. 2012) . The higher soil moisture content and DON concentration in August likely contributed to the increased soil microbial biomass and soil enzymatic activities in our study. In addition, soil depth and sampling time strongly affected soil microbial community functions because of fluctuations in soil nutrient availabilities and environmental conditions (Andreetta et al. 2012; Noe et al. 2012) .
In this study, several differential effects of the +NS treatment from that of the +N or +S treatments were found. For example, soil AWCD was decreased by the +N or +S treatment, but not by the +NS treatment. Soil arylsulfatase activity was significantly lower in the +S than in the CK treatment, but there were no significant differences between the +NS and +N treatments. The synergistic or antagonistic effects of N+S additions have been reported for boreal forests (Sogn and Abrahamsen 1998) . Our results suggested there were antagonistic effects of the +NS treatment on soil AWCD and arylsulfatase activity. The alleviation of N limitation after N addition induced S limitation in the studied system, thus soil arylsulfatase activity did not significantly decrease in the +NS treatment as compared with the +N treatment.
In conclusion, our study confirmed that soil microbial biomass C and N were not sensitive to N and (or) S deposition in the studied N-limited boreal forest ecosystem in the AOSR even after 5 years of treatment. However, microbial functions such as soil CLPP and soil enzymatic activities (i.e., soil ␤-glucosidase and arylsulfatase) were affected, indicating that soil microbial community functions and enzyme activities were more sensitive to N and (or) S deposition than the total microbial biomass. The impact of N and (or) S deposition on soil microbial community structure by cultureindependent approaches (e.g., DGGE or PLFA) remains to be evaluated to understand the mechanisms of the influence of N and (or) S addition on soil nutrient cycling in boreal forest ecosystems in the AOSR.
